BACKGROUND AND PURPOSE: Conventional imaging examinations are insufficient to accurately assess brain damage in patients with Moyamoya disease. Our aim was to observe brain microstructural changes in patients with Moyamoya disease by diffusional kurtosis imaging and provide support data for application of this technique in individualized assessment of disease severity and surgical outcome among patients with Moyamoya disease.
still unclear, and its clinical manifestations vary among patients. Even patients in the same Suzuki stage may manifest different clinical features. 3 In addition, the detection rate of asymptomatic MMD has been growing year by year, which further perplexes MMD treatment. 4 In a multicenter study conducted in Japan, 75% of the affected hemispheres in asymptomatic patients with MMD were classified into Suzuki stages III-IV, and $45% of the affected hemispheres had decreased cerebral vascular reactivity or cerebral blood flow, whereas 20.8% of the affected hemispheres had cerebral infarction lesions. 5 Patients with MMD may have different clinical manifestations in long-term chronic ischemic conditions even if the Suzuki stage is identical and no changes in brain parenchyma are detected by conventional MR imaging. 6 Therefore, conventional imaging examinations are insufficient to accurately assess brain damage in patients with MMD.
DWI-based DTI and diffusional kurtosis imaging (DKI) can illustrate fine changes in the microstructure of the central nervous system and quantitatively assess the damage to brain tissue. On the basis of a Gaussian distribution model, DTI can reflect microstructural changes in cerebral white matter and detect its integrity because DTI parameter changes are sensitive indicators for structural changes in axons, myelin, and organelles. [7] [8] [9] This technique can be used to detect changes in early ischemic damage for patients with MMD, 10 among whom such early damage may be associated with neurologic impairment. 11 However, DTI is not sensitive to changes in cerebral gray matter due to the distribution and diffusion isotropy. On the basis of a non-Gaussian distribution model, DKI can sensitively reflect microstructural changes in gray matter areas, neurodegenerative diseases, tumor microenvironment, and posttraumatic brain tissue. 7, [12] [13] [14] The use of DKI enables the detection of more extensive brain damage in patients with MMD, especially early damage to the intersection of white matter fibers. 8 Despite early detection of white matter microstructural damage in patients with MMD by DTI and DKI, the association between such damage and neurologic impairment in these patients remains unclear. While a handful of studies have suggested an association between this damage and cognitive impairment, its relationship with MMD and other common sensory, motor, verbal, and visual impairments is yet to be reported. In addition, there is a dearth of studies on early damage to white matter and patient prognosis, as well as the associated changes following revascularization. Moreover, DKI allows detection of gray matter microstructural changes, yet such changes have received far less investigation in patients with MMD.
In this study, we used DKI to detect microstructural changes in sensory pathway-related regions of brain tissue among patients with MMD with acroparesthesia and clarified whether such changes would improve in these patients following revascularization. The results could provide support for the application of DKI in individualized assessment of disease severity and surgical outcome among patients with MMD.
MATERIALS AND METHODS

Subjects
Sixty-four patients with MMD (27 men and 37 women) were recruited from July 2015 to April 2016. The patients had a median age of 35 years (range, 16-45 years). Thirty-three patients presented with unilateral paroxysmal numbness or hypoesthesia, 15 of whom underwent encephaloduroarteriosynangiosis (EDAS). Acroparesthesia was absent in the remaining 31 patients, 14 of whom underwent EDAS.
The inclusion criteria were as follows: 1) The patient was diagnosed and staged by digital subtraction angiography; 2) the patient remained in a stable condition, had no cerebral hemorrhage before scanning, presented with no cerebral infarction in the bilateral primary somatosensory cortex (SI) by conventional MR imaging, and cooperated with the examination; 3) the patient reported no other neurologic or psychiatric diseases; and 4) the patient was right-handed.
In addition, 15 healthy age-and sex-matched volunteers were selected. All subjects were provided with details of the examination and the necessary precautions. Signed informed consent was obtained from each subject before the examination. The ethics committee of the Affiliated Hospital of Academy of Military Medical Sciences approved the study.
MR Imaging
The MR imaging was performed on a 3T Skyra MR imager (Siemens, Erlangen, Germany) using a 32-channel standard head coil. All subjects underwent DKI, whereas patients with MMD also underwent contrast-enhanced DSC MR imaging. MR imaging was performed for all patients within 1 week before and after digital subtraction angiography, and a second MR imaging was offered to 29 surgical patients 3-4 months following EDAS. DKI scans were acquired by axial echo-planar imaging using the following parameters: TR = 5600 ms; TE = 92 ms; FOV = 228 mm; matrix = 384 Â 384 mm 2 ; section thickness = 3 mm; b-value = 0, 1000, and 2000 s/mm 2 ; direction of diffusion-sensitive gradient field applied = 30; and scanning time = 7 minutes 2 seconds.
DSC-MR imaging was performed by echo-planar imaging using the following parameters: TR = 1870 ms; TE = 30 ms; FOV = 220 mm; matrix = 128 Â 128 mm 2 ; section thickness = 4 mm; section spacing = 1.2 mm; section number = 24; and acquisition time phase = 60 seconds. After the start of the scan, a high-pressure syringe was used to inject a gadoliniumbased contrast agent (0.2 mL/kg; gadopentetate dimeglumine, Magnevist; Bayer HealthCare Pharmaceuticals, Wayne, New Jersey) at the rate of 4-5 mL/s in the sixth time phase.
DKI Analysis
Data were exported from the workstation and converted to the NIfTI1 data format using "dcm2niigui" in MRIcron (Version 6; https://www.nitrc.org/projects/mricron/). The converted data were imported into the Diffusional Kurtosis Estimator (Version 2.5.1; Medical University of South Carolina Center for Biomedical Imaging, Charleston, South Carolina) for preprocessing, namely spatial smoothing (full width at half maximum = 3.75), median filtering, linear trend removal, and denoise processing.
Seven DKI parameters were extracted (Fig 1) : mean kurtosis (MK), axial kurtosis (AK), radial kurtosis (RK), fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD). The parameter values were measured in the bilateral SI, corona radiata, posterior limb of the internal capsule, and thalamus of all subjects using the ROI method by a radiologist who had .10 years of experience in neuroimaging. Three circular ROIs (5 mm in diameter) were selected at random from different layers of each brain region. The ROIs were not selected from the infarct region. Finally, the mean of the ROIs was taken as the quantitative DKI parameter value in each region.
DSC-MR Image Analysis
The DSC-MR images were imported into the syngo via 20 postprocessing workstation (Siemens). Four hemodynamic parameter maps were obtained using the arterial input function model: relative cerebral blood volume, relative cerebral blood flow, relative mean transit time, and time-to-peak (TTP). In clinical practice, we found that TTP is more sensitive than the other 3 parameters in detecting hemodynamic impairment in patients with Moyamoya disease and their hemodynamic improvement after vascular reconstruction. In a study by Wityk et al, 15 TTP was also used to evaluate hemodynamic changes in patients with Moyamoya disease after vascular reconstruction. Therefore, we selected TTP to evaluate hemodynamic changes in patients with Moyamoya disease. The TTP was measured in the middle cerebral artery supply area surrounding the bilateral central sulcus (M), bilateral corona radiata (C), bilateral basal ganglia (B), bilateral thalamus (T), and bilateral cerebellar hemisphere. The difference in TTP between each region and the ipsilateral cerebellar hemisphere (ie, DTTP M , DTTP C , DTTP B , and DTTP T ) represents the quantitative parameter of blood perfusion in the bilateral SI, corona radiata, basal ganglia, and thalamus.
Statistical Analysis
A preliminary comparison revealed no obvious differences in DKI parameters of the bilateral SI, corona radiata, posterior limb of the internal capsule, and thalamus among healthy volunteers. Hence, data from the left and right sides of healthy volunteers were combined to compose the control group. In addition, data from the left and right sides of patients with MMD without acroparesthesia were combined to form the group without acroparesthesia, and data from the symptomatic and asymptomatic sides of patients with unilateral acroparesthesia were combined to form the symptomatic and asymptomatic groups, respectively.
All statistical analyses were performed using SAS (Version 9.3; SAS Institute, Cary, North Carolina). The Kruskal-Wallis test was used to determine differences in DKI parameters among the 4 groups. The paired-samples t test or signed rank test was used to compare DKI parameters between the symptomatic and asymptomatic groups of patients with MMD with acroparesthesia, as well as to compare DKI parameters and DTTP on the operated side of surgical patients before and 3-4 months after EDAS. A P value , .05 was considered statistically significant.
RESULTS
Differences in DKI Parameters of Sensory Pathway-Related Brain Regions in Patients with MMD
Comparison of DKI parameters among the 4 groups revealed no significant changes in the SI of patients with MMD compared with healthy volunteers (Fig 2) . However, patients with MMD had decreased MK, AK, RK, and FA values and increased MD, AD, and RD values in the corona radiata (Fig 3) . In addition, the MK, RK, and FA decreased, whereas the MD and RD values increased in the posterior limb of the internal capsule among AJNR Am J Neuroradiol : 2020 www.ajnr.org patients with MMD (Fig 4) . Decreased AK and increased RK, AD, and RD values were noted in the thalami of patients with MMD ( Fig 5) .
Self-paired comparison of patients with MMD with acroparesthesia revealed that compared with parameter values of the asymptomatic contralateral hemisphere, the MK value was increased and the DTTP was prolonged in the symptomatic contralateral SI (Fig 2) . In addition, increased FA values and prolonged DTTP were observed in the symptomatic contralateral corona radiata (Fig 3) and posterior limb of the internal capsule (Fig 4) . The AK decreased whereas the MD and AD values increased in the symptomatic contralateral thalamus, but no significant change was found in the DTTP (Fig 5) .
Changes in DKI Parameters of Sensory Pathway-Related Brain Regions in Patients with MMD following EDAS
Among the 15 surgical patients with acroparesthesia, limb symptoms disappeared in 9 patients and were markedly mitigated in the other 6 patients 3-4 months after EDAS. Compared with before the operation, the DTTP was shortened and the MK value decreased, whereas the MD, AD, and RD values increased in the SI of the operated side (Table 1) . However, no significant changes in DKI parameters were observed in the corona radiata, posterior limb of the internal capsule, or thalamus on the operated side.
The preoperative symptoms of the 14 surgical patients without acroparesthesia were dizziness, headache, blurred vision, or inarticulateness. These symptoms were mitigated or disappeared 3-4 months after EDAS. Compared with before the operation, the DTTP was shortened and the MK decreased in the SI on the operated side (Table 2) , whereas the DTTP was shortened, the FA decreased, and the RD increased in the corona radiata on the operated side ( Table 3 ). The DKI parameters did not change significantly in the posterior limb of the internal capsule or thalamus before and after the operation.
DISCUSSION
This study shows that DKI can detect microstructural changes in brain tissue among patients with MMD before the detection of brain parenchymal changes by conventional MR imaging. The white matter microstructure may change in patients with MMD during long-term chronic ischemia, even in those with normalappearing white matter. 6 On the basis of DTI, Jeong et al 10 found AJNR Am J Neuroradiol : 2020 www.ajnr.org a decrease in the FA values but an increase in the ADC values in the bilateral corona radiata of patients with MMD. Using DKI, Kazumata et al 16 found that the MK value decreased in the white matter on the right forehead; the white matter in the occipital subcortex; and the frontoparietal white matter in the superior longitudinal fasciculus branches, corona radiata, corpus callosum, and bilateral thalamus of patients with MMD. However, these 2 studies did not report microstructural changes in relevant brain regions among patients with MMD with specific clinical symptoms. In other words, the changes observed in the white matter of patients with MMD may occur commonly in long-term chronic ischemic conditions. Therefore, such changes cannot explain the diversity of clinical symptoms in patients with MMD.
Here, we observed the changes in DKI parameters of sensory pathway-related brain regions among patients with MMD with unilateral acroparesthesia. Compared with healthy volunteers, the patients with MMD presented similar changes in sensory pathway-related white matter regions, including the posterior limb of the internal capsule and corona radiata. This result is in agreement with the observations of Jeong et al 10 and Kazumata et al. 16 Among the DKI parameters reflecting white matter changes, a decrease of RK is associated with demyelination, whereas a change of AK reflects axonal degeneration. 17 An increase of RD is linked to myelin degeneration or increased extracellular fluid around the ventricle, 18 and an increase of AD is related to axonal degeneration. 19 Therefore, dynamic changes in DKI parameters of the white matter among patients with MMD represent degenerative changes in brain tissue during long-term chronic ischemia.
On the basis of paired comparison of sensory pathway-related brain regions between the symptomatic and asymptomatic groups of patients with MMD with acroparesthesia, we observed increased MK values in the contralateral SI, increased FA in the contralateral corona radiata, increased FA values in the contralateral posterior limb of the internal capsule, and increased TTP in the corresponding region of the symptomatic contralateral hemisphere. In an ischemic state, the increase of MK may represent acute brain damage related to axon beading, microglia upregulation, or other microstructural changes. [20] [21] [22] The increase of FA in white matter can occur in the case of insufficient brain perfusion (but not infarction). 23, 24 This change of FA, which also represents acute brain damage, may be related to cytotoxic edema without a significant change in structural coherence. 25 All such brain damage may be the main cause of the clinical symptoms in patients with MMD. Among the patients with MMD undergoing revascularization, the DTTP was shortened and the MK value was decreased in the SI on the operated side. In addition, the DTTP was shortened, and the FA value decreased in the corona radiata on the operated side. All these postoperative changes were associated with improved clinical symptoms in the surgical patients. These results suggest that the observed changes in the SI and white matter regions are reversible along with the improvement of cerebral blood perfusion.
This study was the first to investigate changes in DKI parameters of sensory pathway-related brain regions among patients with MMD with acroparesthesia. In the case of longterm chronic ischemia, the microstructure of brain tissue may be altered and the DKI parameters likely undergo changes (a decrease in kurtosis, a decrease in FA, and an increase in diffusivity) in patients with MMD. When the hemodynamic state is stable, these parameters are also in a relatively stable or pseudonormal state; on further hemodynamic damage, some acute or specific changes may occur in the microstructure of the brain, causing DKI parameter changes (an increase in the MK of the gray matter and an increase in the FA of the white matter). These changes would return to a pseudonormal state during hemodynamic improvement after revascularization.
During the follow-up of MMD, DSC-MR imaging is an important technique for the assessment of cerebral blood perfusion; however, there is no clear standard to assess the severity of the disease. Our results indicate that DKI enables timely detection of changes in brain tissue microstructure of patients with MMD with reduced cerebral blood perfusion, which is helpful to assess the disease severity and the surgical outcome.
Our study has some limitations. First, the patients had re-examination results for only 3-4 months after the operation and lacked a long-term follow-up record. Because indirect revascularization was used as the surgical approach for all patients, a longer follow-up period could facilitate the study of changes in DKI parameters during hemodynamic improvement. Second, due to the small sample size, especially of postoperative samples, it was impossible to effectively determine changes in DKI parameters for patients with different symptom improvements after the operation. Third, functional imaging techniques that can quantitatively reflect cerebral blood flow changes, such as PET and SPECT, were not used for the hemodynamic assessment.
CONCLUSIONS
The DKI technique can detect microstructural changes in the cerebral white and gray matter of patients with MMD before and after revascularization in a timely manner. It is a sensitive method for use in the follow-up of patients with MMD, which supports the assessment of disease severity and surgical outcome.
